Parkinson disease (PD) is second only to Alzheimer disease as the most common neurodegenerative disorder in humans. Despite intense investigations, no effective therapy is available to halt the progression of PD. Although statins are widely used cholesterol-lowering drugs throughout the world, recent studies suggest that these drugs modulate neurodegeneration-related signaling processes and may be beneficial for PD. Simvastatin is the most potent statin in crossing the blood-brain barrier, and this particular statin drug negatively correlates with the incidence of PD and shows efficacy in animal models of PD. However, PD mainly occurs in the aging population, who are more vulnerable to cholesterol or lipid-related disorders, raising questions whether this possible beneficial effect of statins in PD patients is cholesterol dependent or cholesterol independent. This article presents data on the therapeutic efficacy of simvastatin in a chronic MPTP model of PD, reviews recent literature, and discusses the pros and cons of statin therapy in PD.
Discovery of statins is very much similar to that of peni cillin. Penicillin was discovered from fungus Penicillium notatum, whereas statin was discovered from Penicillium citrium. In the 1970s, Dr. Endo and colleagues in Japan (Endo and others 1976; Endo and others 1977) were won dering how certain fungi had protected themselves against others. As ergosterol, a derivative of cholesterol, is an ess ential component of fungi membrane, they were prompted to investigate if inhibition of cholesterol biosynthesis was one of such mechanisms. As a result of their investigation, they reported the discovery of mevastatin, the first statin drug, from P. citrium in 1978. Eventually, through the laboratory of Drs. Goldstein and Brown (Bilheimer and others 1983; Brown and Goldstein 1980) , these drugs emerged as the most effective means of reducing elevated levels of plasma cholesterol. In addition to cholesterol lowering, these wonder drugs are nowadays stretching their hands toward neurodegenerative disorders such as Parkinson disease (PD).
PD is one of the most devastating neurodegenerative disorders in humans. PD may appear at any age, but it is uncommon in people younger than 30 years. The actual cause of PD is not known. Although a defect in asynu clein (PARK1), Parkin (PARK2), DJ1 (PARK7), PTEN induced kinase 1 (PARK6), and ubiquitin C gene terminal hydrolase L1 has recently been found in a few families with extraordinarily high incidences of PD, it is believed that a number of environmental, genetic, and immune cues are associated with the onset of PD (Olanow and Tatton 1999; Vila and Przedborski 2004) . Clinically, PD is iden tified by tremor, bradykinesia, rigidity, and postural insta bility (Dauer and Przedborski 2003; Olanow and Tatton 1999) . These clinical symptoms appear mainly because of a severe shortage of dopamine (DA), a chemical sub stance that enables people to move normally and smoothly. The deficiency of DA is caused by the gradual loss of dopaminergic neurons that, being present in the substantia nigra pars compacta (SNpc), synthesize DA from tyrosine via tyrosine hydroxylase (Dauer and Przedborski 2003; Olanow and Tatton 1999) . Therefore, pathologically, it is characterized by gliosis and progres sive degeneration of the dopaminergic neurons associ ated with the presence of intracytoplasmic inclusions (Lewy bodies) in the SNpc (Dauer and Przedborski 2003; Gao and others 2003b; Ghosh and others 2007; Hunot and others 1997; Teismann and others 2003) . Interestingly, widely used statin drugs have been shown to attenuate glial activation, inhibit oxidative stress, pro tect dopaminergic neurons (Ghosh and others 2009) , and suppress the aggregation of asyn (BarOn and others 2008). Although there have not been any clinical trials of statins in PD patients, analysis of a patient database and recent animal studies suggest that statins are associated with a reduced incidence of PD and may be used to pro tect dopaminergic neurons in the SNpc. Here we attempt to discuss these studies to find out whether statins should be clinically tried in PD patients.
Cholesterol Puzzle in PD
In humans, cholesterol is synthesized from acetylCoA via multiple reactions. HMGCoA reductase is the key rate limiting enzyme of this biosynthetic pathway ( Fig. 1 ). StatinCoAs are structural analogues of HMGCoA and thereby inhibit HMGCoA reductase competitively with an affinity of about 1000 to 10,000 times greater than that of the natural substrate. In addition to direct inhibition of cholesterol synthesis, statins have also been shown to lower plasma cholesterol levels indirectly due to an up regulation of the lowdensity lipoprotein (LDL) receptor (Vaziri and Liang 2004) . However, in PD, it is doubtful whether cholesterol is to blame for neurodegenerative pathology. For example, the APOE e4 allele has been associated with higher LDL cholesterol, whereas the e2 allele has been found to be responsible for lower plasma LDL cholesterol. Although the e4 allele is a major sus ceptibility gene for Alzheimer disease (AD; Michikawa 2003) , the e2 allele is usually protective for this disease. In contrast, a study by Huang and others (2004) indicates that the e2 allele, not the e4 allele, is positively associated with a higher prevalence of sporadic PD.
According to Lamperti (Musanti and others 1993) , plasma cholesterol concentrations in PD patients are lower than in controls. It has been shown by de Lau and others (2006) that higher serum levels of total cholesterol are associated with a significantly decreased risk of PD, particularly in women. Furthermore, the incidence of myo cardial infarction and ischemic stroke is also lower in PD patients. In a study with only 124 participants, Huang and others (2007) have delineated that people with low levels of LDL cholesterol are more likely to have PD than peo ple with high LDL levels. However, it is unclear from this study whether low LDL levels were present in study subjects before they were diagnosed with PD or if LDL levels decreased after they were diagnosed with PD. It is possible that low LDL cholesterol is a consequence rather than a cause. Statins specifically lower LDL cholesterol.
However, most of the participants in this study (Huang and others 2007) did not take any statins, suggesting that the association between low LDL levels and PD exists independently from statin use. Most interestingly, the same study, when compared among statin users in control and PD groups, found a much higher percentage of statin users among controls than in PD subjects.
To add to this confusion, a more thorough Finnish study on nearly 25,000 men and women (Hu and others 2008) has demonstrated that adults younger than 55 years old Therefore, by suppressing the geranylation of Rac, statins also attenuate NADPH oxidasemediated production of reactive oxygen species (ROS). Phosphatidylinositol-3 (PI-3) kinase is known to activate Akt, the kinase that phosphorylates and stimulates endothelial nitric oxide synthase (eNOS). Interestingly, mevalonate is capable of inhibiting PI-3 kinase. Therefore, by reducing the concentration of mevalonate, statins also up-regulate eNOS-derived production of NO resulting in vasorelaxation. GTP = guanosine triphosphate; iNOS = inducible nitric oxide synthase; NO = nitric oxide. may run an elevated risk of developing PD if they have been diagnosed with high cholesterol. Patients with the highest level of cholesterol were 86% more likely to develop PD than the participants with the lowest level of choles terol (Hu and others 2008) . Interestingly, this risk applies only to participants between the ages of 24 and 54 years. Therefore, the ambiguity regarding the cholesterol con nection of PD moves on. It is possible that although high cholesterol facilitates the onset of the disease, once the disease sets in, cholesterol levels start decreasing because of nausea and vomiting, loss of appetite, constipation, and an overall degenerative process.
Modulation of PD-Related Signaling Events by Statins
Whether cholesterol has anything to do with PD or not, statins are fully capable of modulating many cholesterol independent cellular signaling pathways, which are rele vant to PD pathology.
Suppression of Proinflammatory Molecules
Although the disease mechanisms that cause PD are poorly understood, recent studies strongly support the role of inflammation in nigrostriatal degeneration in this disease. For example, microglial activation is evident in close prox imity to damaged or dying dopaminergic neurons, and the CSF level of NO 2 -(nitrite), a metabolite of nitric oxide (NO), and the CNS level of inducible nitric oxide syn thase (iNOS) are higher in patients with PD in comparison with a group of patients without dopaminergic dys function (Hunot and others 1996; Qureshi and others 1995) . Con sistently, the ablation of iNOS in mutant mice significantly attenuates MPTP neurotoxicity (Dehmer and others 2000) . Similar to NO, a variety of proinflammatory cytokines, including tumor necrosis factor a (TNFa), interleukin 1b (IL1b), IL6, eicosanoids, and other immune neuro toxins, are found in either CSF or affected brain regions in PD (Bessler and others 1999) . Accordingly, transgenic mice carrying homozygous mutant alleles for both the TNF receptors, but not the individual receptors, are com pletely protected against MPTP (Sriram and others 2006) . Recently, we (Ghosh and others 2007) have demonstrated that nuclear factor-kB (NFkB), a transcription factor required for the transcription of most proinflammatory molecules, is activated in the SNpc of PD patients and MPTPintoxicated mice and that selective inhibition of NFkB in mice by NEMObinding domain (NBD) pep tides protects dopaminergic neurons from MPTP toxicity. According to Hunot and others (1997) , the NFkB dependent apoptogenic transduction pathway in dopami nergic neurons may play a role in neuronal death in PD.
Consistent with these findings, Saijo and others (2009) have demonstrated that Nurr1, a nuclear orphan receptor, suppresses glial activation by docking to NFkBp65 on target inflammatory gene promoters and protects dopami nergic neurons in vivo in the nigra. Taken together, con trolling inflammation may be an important step to protect dopaminergic neurons in PD and its animal model.
The idea of investigating the effect of statins on the expression of iNOS and proinflammatory cytokines came to us from the fact that statins modulate isoprenoids, which are known to play an important role in the activation of small G proteins such as Ras and Rac. Accordingly, Pahan and oth ers (1997) have shown that lovastatin inhibits the activation of NFkB and the expression of iNOS and proinflammatory cytokines (TNFa, IL1b, and IL6) in lipopolysaccharide (LPS)-stimulated rat primary astrocytes. In fact, this finding has revolutionized statin research. Nowadays, statin drugs are being widely considered as potential therapeutic agents against various neuroinflammatory and neurodegenerative disorders. Because lovastatin inhibits HMGCoA reductase, both mevalonate and farnesyl pyrophosphate (FPP) are capable of reversing the inhibitory effect of lovastatin on the expression of iNOS and the activation of NFkB (Pahan and others 1997) . However, addition of ubiquinone and choles terol to astrocytes does not prevent the inhibitory effect of lovastatin. These results suggest that depletion of FPP, rather than end products of the mevalonate pathway, is responsible for the observed inhibitory effect of lovastatin on the expres sion of iNOS.
Suppression of LPSinduced activation of NFkB and expression of iNOS in glial cells by farnesyltransferase inhibitors (Pahan and others 2000; Pahan and others 1998) suggest an important role of farnesylation reaction in the regulation of the iNOS gene. Consistent with a role of farnesylation in the activation of p21 Ras , a dominant negative mutant of p21 Ras (S17N) also attenuated activa tion of NFkB and expression of iNOS in rat and human primary astrocytes (Pahan and others 2000) . Recently, we have demonstrated that Parkinsonian toxin 1methyl 4phenyl1,2,3,6tetrahydropyridinium ion (MPP + ) induces the activation of p21 Ras in microglia within minutes of stimulation and that simvastatin suppresses MPP + induced activation of p21 Ras and NFkB (Ghosh and others 2007) . Similarly, 1methyl4phenyl1,2,3,6tetrahydropyridine MPTP intoxication also leads to the activation of p21 Ras within the SNpc, and simvastatin strongly inhibits the activation of p21 Ras and the expression of proinflamma tory molecules in the SNpc of MPTPintoxicated mice (Ghosh and others 2009 ). According to Selley (2005) , simvastatin also inhibits the formation of 3nitrotyrosine in striatal proteins in MPTPtreated mice. Although sim vastatin has no effect on cholesterol concentrations in the plasma or in the striatum, simvastatin inhibits the production of TNFa and nitric oxide in cultured rat microglia stim ulated by LPS (Selley 2005) . Statins also block IFNg inducible (Crisby 2003) and constitutive (Muczynski and others 2003) transcription of the major histocompatibility complex (MHC) class II transactivator (CIITA), which regulates nearly all MHC class II gene expression. Together, these studies suggest that statins are capable of suppress ing the expression of proinflammatory molecules in glial cells via attenuation of small G proteins and that this anti inflammatory effect of statins may be beneficial for PD patients.
Stimulation of Endothelial Nitric Oxide Synthase
With increase in age, endothelial function slowly deterio rates due to decreased synthesis of endotheliumderived NO. Although there are no data available on the role of endothelial NOS (eNOS) in PD, muscle rigidity, frozen hands, and expressionless face are common features of PD. Therefore, in general, eNOSderived NO may be beneficial for PD via increased blood flow and endothe lium relaxation (Dimmeler and Zeiher 1999) . Although statins inhibit the expression of iNOS, fortunately these drugs have been found to stimulate eNOSderived NO production (HernandezPerera and others 1998). Interest ingly, this endotheliumfavoring function of statins is independent of cholesterol lowering (HernandezPerera and others 1998). Reversal of statininduced eNOS up regulation by geranylgeranyl pyrophosphate, but not farne syl pyrophosphate, suggests that Rac/Rho, but not Ras, plays a role in the regulation of eNOS. To understand the mechanism further, Fulton and others (1999) have shown that activated protein kinase B (Akt) phosphorylates eNOS and increases the production of NO. On the other hand, mevalonate, an intermediate of the cholesterolbiosynthetic pathway, inhibits phosphatidylinositol3 (PI3) kinase and thereby attenuates the activation of Akt (SkaletzRorowski and others 2003). Because statins are known to lower the concentration of mevalonate via inhibition of HMGCoA reductase, statins favor the upregulation of eNOS via suppression of mevalonate and thereby activation of the PI3 kinase-Akt pathway. Furthermore, according to Feron and others (2001) , atorvastatin increases eNOSderived NO production by decreasing the expression of caveolin1, a negative regulator of eNOS. Therefore, via multiple mechanisms, statins may upregulate eNOS and improve endothelial functions in PD patients.
Inhibition of Oxidative Stress
Oxidative stress is a hallmark of many human disorders, and PD is also not an exception. It has been found that several inflammatory and degenerative stimuli induce the production of reactive oxygen species (ROS) via the acti vation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, a fivesubunit protein that generates superoxide from molecular oxygen. It is composed of two membranebound subunits, gp91phox and p22phox, and at least two cytosolic subunits, p47phox and p67phox. Phosphorylation of p47phox results in the translocation of the p47phox-p67phox complex to the membrane, where it interacts with gp91phox and p22phox. This complex becomes complete and active after the participation of Rac, a small G protein, which associates itself with p67phox and gp91phox (Ago and others 1999; Bokoch and Knaus 2003) . As shown in Figure 1 and described above, statins inhibit geranylgeranylation of Rac and thereby attenuate NADPH oxidasemediated generation of superoxide. It has been shown that NADPH oxidase is upregulated in the nigra of MPTPintoxicated mice (Gao and others 2003a; Wu and others 2003) . Accordingly, MPTP is unable to damage dopaminergic neurons in the SNpc of gp91phox (-/-) mice (Gao and others 2003a; Wu and others 2003) , highlighting the importance of NADPH oxidase in the loss of dopaminergic neurons. Therefore, statins may reduce NADPH oxidasemediated produc tion of ROS in the nigra of MPTPintoxicated mice and PD patients.
Attenuation of a-Synuclein Aggregation
One of the major features of PD is the deposition of Lewy bodies in the SNpc. These intracellular deposits are very rich in one 140amino acid protein called asynuclein (asyn). Several lines of evidence in recent years clearly suggest that overexpression and oligomerization of asyn are directly related to the toxicity in the nigrostriatum. First, transgenic mice overexpressing human asyn display Lewy body-like inclusions, dopaminergic loss, and motor deficits (Masliah and others 2000) . Second, lentiviralbased expres sion of human asyn in rat substantia nigra (SN) also resulted in selective dopaminergic toxicity with nonfibrillar inclusion (Lo Bianco and others 2002). Third, neuronal cell loss is directly related to increased levels of asyn because downregulation of asyn expression in the SNpc in a rat model of PD, using viral vector delivery of asyn ribozyme, rescues dopaminergic cells from cell death (Hayashita Kinoh and others 2006) . Fourth, increased expression of asyn mRNA and protein has been observed in other mod els of PD, including MPTP and 1BnTIQ treatment (Purisai and others 2005; Shavali and others 2004) . Fifth, parkinso nian neurotoxin MPTP fails to kill dopaminergic neurons in mice deficient in asyn (Dauer and others 2002) .
Although aggregation of asyn is believed to play a critical role in the pathogenesis of disorders such as dementia with Lewy bodies and PD, the function of asyn remains unclear. Recently, it has been shown that asyn is involved in synaptic vesicle trafficking, proba bly via lipid binding. Accordingly, aggregation of asyn abrogates its normal function and initiates its neurode generative function. Interestingly, cholesterol is linked to asyn aggregation. For example, Bosco and others (2006) investigated if cholesterol synthesis by statins might interfere with asyn accumulation in cultured neurons. They have delineated that concentrations of oxidized cho lesterol metabolites are elevated in the brains of PD patients and that oxidized cholesterol accelerates αsyn aggrega tion. Interestingly, all three statins (lovastatin, simvastatin, and pravastatin) tested by BarOn and others (2008) markedly reduce the levels of asyn accumulation in the detergentinsoluble fraction of the transfected neuronal cell line and primary human neurons. Conversely, supple mentation of the media with cholesterol increases asyn aggregation in detergentinsoluble fractions of transfected neurons and is accompanied by reduced neurite outgrowth. In another study by Masliah and colleagues (Koob and others 2009), lovastatin has been found to ameliorate asyn accumulation and aggregation in transgenic mouse models of asynucleinopathies. Therefore, reducing cho lesterol levels with statins may block asyn aggregation in PD.
It has been shown that mutation of asyn facilitates its aggregation; therefore, mutated asyn exhibits greater toxicity than normal asyn (Stefanis and others 2001). Accordingly, mutated asyn is a more potent activator of glial cells and an inducer of proinflammatory molecules than wildtype asyn (Klegeris and others 2006). As mentioned above, statins inhibit the expression of proin flammatory molecules from activated glial cells. There fore, although it has not been tested, statins should also suppress mutated asynmediated glial activation indepen dent of the involvement of cholesterol. Taken together, in PD, statins may inhibit the aggregation of asyn via regu lation of cholesterol and attenuate mutated asynmediated glial activation independent of cholesterol.
Modulation of Adaptive Immunity
Recent studies have demonstrated that T cell responses elicited during the course of MPTP intoxication lead to accelerated neurodegeneration (Benner and others 2008; Benner and others 2004) . Accordingly, enhanced T cell response has also been documented in the SNpc of post mortem PD brains. Although effector T cells may aggra vate the disease process, regulatory T cells (Treg) are usually protective, and it has been found that Tregs pro tect against MPTPinduced dopaminergic degeneration (Reynolds and others 2007) . Using vasoactive intestinal peptide (VIP), a neuropeptide known to induce Treg res ponses (GonzalezRey and others 2006), Reynolds and colleagues (Kosloski and others 2010) have shown that replacement of functional Treg within the nitratedasyn splenocyte mixture results in neuroprotection and that this neuroprotection is modulated through Th17 mecha nisms. Recently, we have delineated that NO produced from antigenpresenting cells (APCs) during antigen priming plays an important role in the regulation of Tregs Pahan 2009, 2010) . Foxp3 appears to function as the master regulator in the development and function of Tregs. Although excess NO inhibits the mRNA expression of Foxp3 via the guanylate cyclase-cGMP pathway, either scavenging NO by carboxyPTIO or inhibiting the activity of iNOS by LNIL increases the expression of Foxp3 (Brahmachari and Pahan 2010) . We have also found that simvastatin inhibits the production of NO and thereby upregulates Foxp3 (Brahmachari and Pahan 2010) . Therefore, via enriching Tregs, simvastatin may help in the protection of dopaminergic neurons in the SNpc.
Attenuating Dyskinesia
To date, levodopa (LDOPA), which is converted to dopamine in the brain, remains the gold standard for the treatment of PD. Although in many patients, LDOPA significantly improves the quality of life for many years, chronic DA replacement therapy with LDOPA in PD results in motor complications known as LDOPAinduced dyskinesia, which is associated with a sequence of events, including pulsatile stimulation of DA receptors, down stream changes in proteins and genes, and abnormalities in nonDAergic transmitter systems (Berthet and Bezard 2009) . All these biochemical processes combine to pro duce alterations in the neuronal firing patterns that signal between the basal ganglia and the cortex. Although dys kinesia is not painful, it is a very distressing side effect of LDOPA in which rapid and repetitive motions affect the limbs, face, tongue, mouth, and neck.
Dyskinesia has been modeled in rodents as well, which has been called rodent analog abnormal involuntary move ments (AIMs). AIMs have been associated consistently with an activation of the Rasextracellular signalregulated kinase 1/2 (ERK1/2) mitogenactivated protein kinase (MAPK) signaling pathway (Gerfen and others 2002; Westin and others 2007) . They have also delineated that inhibitors of the MAPK signaling cascade block the aber rant supersensitive response of direct striatal pathway neurons, suggesting a possible therapeutic efficacy of MAPK inhibitors in LDOPAinduced dyskinesia. Because statins inhibit isoprenylation of Ras, these drugs are also capable of suppressing the activation of ERK1/2 MAP kinases (Fig. 1) . Consistently, Schuster and others (2008) have shown that lovastatin treatment reduces LDOPA induced AIM incidence and severity in the 6OHDA rat model of PD. Such lower AIM severity is associated with a decrease in an LDOPAinduced increase in striatal pERK1 and DFosB levels and q/a oscillations of substan tia nigra pas reticulata (SNr) neurons, as well as a normal ization of SNr firing frequency. Those results suggest that statins may be a treatment option for managing LDOPA induced dyskinesia in PD.
Reducing Depression
Although depression is not a clinical marker of PD, stud ies indicate that almost half of all PD patients experience depression at some point in their illness. Therefore, reduc ing depression may improve the lifestyle of PD patients. A couple of studies demonstrate that longterm use of statin leads to reduced risk of depression in patients with coronary artery disease (Yang and others 2003; Young Xu and others 2003) . They have demonstrated that risk of depression was 60% less in individuals using statins than in hyperlipidemic individuals not using lipidlowering drugs. However, this beneficial effect of statins in patients with coronary heart disease could be due to the "feel good" effect of statins through improved quality of life due to a decreased incidence of cardiovascular events. Although molecular mechanisms leading to depression are poorly understood, it is known that NO is a potent antidepressant. Although NO produced in an excessive amount from iNOS is toxic, NO produced in a physiolog ical amount from cNOS or eNOS has many beneficial functions. As mentioned above, statins inhibit iNOS via suppression of the p21 ras -NFkB pathway and stimulate eNOS via activation of the PI3 kinase-Akt pathway and suppression of caveolin1. Therefore, via increased NO production, statins may reduce depression in PD patients. On the other hand, as reported recently (Shrivastava and others 2010), due to chronic cholesterol depletion, statins may also increase depression via impairment of serotonin receptors.
Should Statins Be Tried in PD?
Although current state of knowledge goes both for and against a clinical trial of statins in PD, in our view, the evidence in favor of a clinical trial has more weight than that against it. In the following discussion, we have tried to analyze such information.
Evidence in Favor of a Clinical Trial
a) According to Hu and others (2008) , adults younger than age 55 years have a greater risk of developing PD if they are diagnosed with hypercholesterolemia, suggesting that high cholesterol may be a predisposing factor for PD. There fore, we suggest that statins may be beneficial for PD.
b) The incidence of PD is lower among statin users. Using the Decision Support System database of the US Veterans Affairs medical system, Wolozin and others (2007) have demonstrated that simvastatin is linked to reduced incidence of PD. In contrast, atorvastatin is asso ciated with a modest, but insignificant, reduction in the incidence of PD, and lovastatin has no impact on the inci dence. According to Wahner and others (2008) , all statins are inversely associated with PD except for pravastatin. These are probably due to the fact that simvastatin is the most potent statin drug in terms of crossing the blood brain barrier (BBB) and that pravastatin is unable to cross the BBB (Vuletic and others 2006) . c) Huang and others (2007) compared statin users in control and PD groups and found a much higher percent age of statin users among controls than in PD subjects. According to Mutez and others (2009) , statins are also associated with delayed onset and slower course of PD. In a mixed linear model, the increase in levodopaequivalent daily dose over two years was significantly smaller in the group taking a statin than in the matched control group. d) At a dose of 1 mg/kg body weight/day, which is equiv alent to the Food and Drug Administration-approved dose in adults, simvastatin enters into the nigra, inhibits the acti vation of p21 ras , suppresses the activation of NFkB, attenu ates the expression of proinflammatory molecules, protects dopaminergic neurons, restores striatal fibers and DA, and improves locomotor functions in an acute MPTP model of PD (Ghosh and others 2009) . Selley (2005) has also reported that simvastatin prevents MPTPinduced striatal dopamine depletion and protein tyrosine nitration in mice. e) Although the acute MPTP model is helpful for quick drug screening, elucidating molecular mechanisms, and determining the interaction between drug and MPTP, effects of acute intoxication reverse over time. Therefore, recently, a chronic intoxicated model has been described (Meredith and others 2008) in which significant loss of dopaminergic neurons is seen even six months after MPTP intoxication. We examined if simvastatin was capable of protecting neurons in a chronic model. As expected, chronic MPTP intoxication led to marked loss of tyrosine hydroxylase (TH)-positive neurons and striatal neurotrans mitters (Fig. 2) and a decrease in rotorod performance, total distance, horizontal activity, stereotypy, rearing, ste reotypy time, clockwise revolutions, and anticlockwise revolutions (Fig. 3) . On the other hand, MPTP increased the rest time in a chronic MPTP model of PD (Fig. 3) . We initiated simvastatin treatment from the late chronic phase and continued for three weeks after the last injection of MPTP ( Fig. 2A) . Consistent with that observed in an acute model (Ghosh and others 2009) , simvastatin, in this instance, also significantly protected nigral dopaminergic neurons and striatal dopamine (Fig. 2) and improved loco motor activities (Fig. 3) . Although mice results are not always translated to humans, these results from acute and chronic MPTP models suggest that simvastatin may be tried for therapeutic intervention in PD.
Evidence against a Clinical Trial
a) Huang and others (2007) have compared the incidence of PD in 236 patients with different levels of LDL choles terol. Those with the lowest levels were three and a half times more likely to have the disease than patients with higher levels. However, this report on a small number of patients with PD does no more than suggest there might be a statistical association between low levels of LDL cholesterol and PD. b) According to de Lau and others (2006), cholesterol concentration is low in PD patients. They have indicated that higher serum levels of total cholesterol are associated with decreased risk of PD, particularly in women. From this angle, simvastatin may lower cholesterol further and thereby aggravate PD symptoms. c) Kreisler and others (2007) have shown that both simvastatin and atorvastatin have deleterious effects on the nigrostriatum in MPTPintoxicated mice. However, this study used a concentration of simvastatin that is 10 to 40 times higher than a regular human dose, and treatment began five or seven days before MPTP intoxication. When we repeated this experiment, we (Ghosh and others 2009) also found that simvastatin at a high dose (40 mg/kg body weight/day) was deleterious for the nigrostriatum.
Conclusion
Over the past decade, scientists have accomplished sig nificant progress in unfolding newer aspects of statins. Biological functions of statins are no longer restricted to only lipid lowering; these wonder drugs function to mod ulate intracellular signaling pathways, inhibit inflamma tion, suppress the production of ROS, and modulate adaptive immunity. Therefore, statins are currently being considered as possible therapeutics for several neurodegenerative dis orders, including PD (Wang and others 2010; Wood and others 2010). For PD, statins can protect dopaminergic neurons, inhibit asyn aggregation, and attenuate LDOPA induced dyskinesia. Accordingly, although many PD patients take simvastatin for cholesterol and other prob lems, some unresolved issues raise doubts over the wide spread use of statins in PD. It has not been shown that higher neuronal cholesterol increases Lewy body forma tion or alters the expression of PDrelated genes. It is also not known whether neurons in PD have more cholesterol than control neurons. Cholesterol is a major component of neuronal cell membranes and synapses and is essential for maintaining their structure and function.
Therefore, the real challenge is to maintain cholesterol homeostasis after the use of statins to minimize side effects in PD patients who do not suffer from cholesterolrelated problems. In these conditions, targeting of simvastatin sensitive biological processes that are responsible for the possible amelioration of PD pathology by a specific drug or molecule rather than statin itself may be a better option. For example, inhibitors of farnesyltransferase or geranyl geranyltransferase, which do not alter cholesterol levels while attenuating inflammation and oxidative stress, hall marks of PD pathogenesis, may be considered for the treatment of PD patients who do not suffer from cholesterol related problems. In fact, recently, we have demonstrated that farnesyltransferase inhibitor II alone is capable of res toring dopamine in MPTPintoxicated mice (Ghosh and others 2007) . While considering a replacement for statins, we must remember that statins are multifunctional and that these drugs exhibit many functions independent of cholesterol. At this point, we do not know whether farne syltransferase inhibitors mimic most of the cholesterol independent effects of statins.
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